It is presented herein heterogeneous catalysts comprised of strontium and nickel oxides synthesized using a coprecipitation method. They were applied for the preparation of biodiesel from macaw palm oil. The catalysts were characterized by X-ray diffraction (XRD), adsorption and desorption of nitrogen by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and differential thermogravimetric analysis (TG-DTA). The conversion was determined by gas chromatography with flame detector (GC-FID). The best activity was obtained when the catalyst was calcined at 1100 °C for 3 hours. The highest conversion was reached (97%) when the following conditions were used: 5 hours, 2% of metal loading, 65 °C and oil/alcohol molar ratio of 1:9.
Introduction
The large increase in global petroleum consumption has caused huge environmental impacts and economic issues. In order to provide a future reduction of the world oil dependence, the development of renewable fuels like biodiesel is quite attractive 1,2 since the main advantages of biodiesel include biodegradability, high flash point and low emissions of carbon monoxide and other pollutants. 3, 4 According to Agência Nacional do Petróleo, Gás Natural e Biocombustíveis (ANP) resolution 14/2012 5 and law number 11.097, 6 which deals with the introduction of sustainable fuel in the Brazilian energy matrix, biodiesel refers to renewable fuels derived from raw materials meant to be used in internal combustion compression ignition engines; they may partially or totally replace fossil feedstock. Usually, these compounds are made by chemically reacting triglyceride molecules present in vegetable oils and animal fats with methanol or ethanol in the presence of a suitable catalyst to form alkyl esters of fatty acids and glicerol. 7, 8 Industrial biodiesel production uses homogeneous alkaline catalysts (KOH, NaOH and NaOCH 3 ) due to its low cost and high yield of the final products. [9] [10] [11] Although these catalysts are effective, the serious environmental problems they cause has driven the development of more active and selective heterogeneous catalysts lately. 12, 13 The application of heterogeneous catalysts in transesterification reactions is considered a green technology as the catalysts are easily separated from the products and can be recycled. Moreover, the reaction method utilizes less water than the homogeneous catalysts processes. 14, 15 Thus, the development of efficient and low cost heterogeneous catalysts raises the possibility of their commercially utilization on biodiesel production. 16 Many heterogeneous catalysts have been widely investigated for vegetable oils transesterification such as alkali and alkaline earth metal oxides and transition metal hydroxides compounds supported on alumina, zeolites, hydrotalcites and ion exchange resins. [17] [18] [19] [20] [21] [22] In accordance to Zabeti et al. 23 strontium oxide has specific surface area of 1.05 m 2 g -1 , alkaline characteristics and high activity in the reaction medium. However, it is not widely used for the transesterification reaction. On the other hand, the nickel oxide has received considerable attention due to its high surface area, low production costs and possible porous nature. 15, 24 Therefore, mixed metal oxides has emerged as good heterogeneous catalysts for transesterification reaction as they provide a better alkalinity and specific area, achieving high activity and stability. 16 Different mixed metal oxides are used as catalysts in transesterification reactions as CaZnO, CaMgO, CaO-MgO, Cr 2 O 3 /Na 2 CrO 4 /Al 2 O 3 , TiO 2 -MgO and NaZrO 3 . [25] [26] [27] The development of strontium and nickel based heterogeneous catalysts is promising as strontium oxide exhibits a high catalytic activity in the transesterification reaction and may present a synergy with nickel oxide providing a superior durability and a higher activity. Thereby, this study was designed to investigate the synthesis and characterization of strontium and nickel-based catalysts for transesterification reaction of macaw palm oil (Acrocomia aculeata). The optimization of the reaction parameters, homogeneity test and reuse of the catalysts were conducted with the catalyst that presented the best catalytic activity.
Experimental
All reagents were commercially available and used without further purification, except when specified. The reagents used were: nickel(II) nitrate hexahydrate (P.A., Impex), acetone (P.A., Dinamica), strontium nitrate (P.A., Impex), ammonia carbonate (P.A., Impex), phosphoric acid (85% P.A., Dynamic), methyl alcohol (P.A., Impex), anhydrous sodium sulfate (Dynamics) and deionized water. Macaw palm oil was purchased in local shops (Teresina City, Piauí, Brazil) and was degummed with phosphoric acid following the procedure described by Morais et al. 28 prior utilization. The chemical and physical properties of macaw palm oil are listed in Table 1 .
Catalysts preparation
For the catalyst preparation, 250 mL of strontium nitrate (0.33 mol L -1 ) and 250 mL of nickel(II) nitrate hexahydrate (0.33 mol L -1 ) were mixed and stirred for 30 minutes. The solution was adjusted to pH 8 by addition of an aqueous solution of ammonium carbonate (0.33 mol L -1 ) and centrifuged at 3,500 rpm. The solid formed was washed with deionized water and ketone several times and the material was dried in air and then calcined at different temperatures and times, as presented in Table 2 .
Transesterification reaction
The transesterification reaction was performed using different experimental conditions. The modifications include oil/alcohol molar ratio, amount of catalyst and reaction time (Figure 1 ), as specified for each reaction. For all the experiments carried out, the catalyst and methanol were placed at a two-neck round-bottom flask connected to a condenser. After a 30-minute stirring at room temperature, the macaw palm oil was added into the glassware and the temperature was raised to 65 ºC and kept for 4 hours under stirring. The mixture was centrifuged at 3,500 rpm to allow the catalyst separation. The methanol was removed using a rotatory evaporator, the products were separated in a separatory funnel, and the lower phase (glycerol) discarded. The ester obtained was washed three times with hot water (80 ºC) and dried using sodium sulfate. The biodiesel was stored for further characterization.
The catalysts used for these reactions were chosen among five materials synthesized (W1, W2, W3, W4 and W5); they were used under the same experimental apparatus described earlier using the same conditions, which made possible a comparison. The experimental conditions were: 15, 1 and 50 g of alcohol, catalyst and macaw palm oil, respectively. After this step, the best catalyst was selected.
Heterogeneity and reusability of catalyst
To study the heterogeneity and reusability of the catalysts, the following experimental conditions were used: 5 hours, 2% of metal loading, 65 °C and oil/alcohol molar ratio of 1:9.
To guarantee the heterogeneity of the proposed system, the catalyst was mixed with methanol and maintained under vigorous magnetic stirring for 30 minutes. Then, the solid was removed by centrifugation at 3,500 rpm for 20 minutes and the residual methanol was added to macaw oil and the same reaction conditions were reproduced. The content of methyl esters in the biodiesel was determined from gas chromatography with flame detector (GC-FID) analysis.
For the recycling experiments, after each transesterification reaction, the catalyst was filtrated and washed with petroleum and methanol ether to remove the organic residues (oil and/or glycerol) present on the surface of the catalyst. Then, the material was warmed to 120 °C for 24 h and calcined at 1100 °C for 3 hours for activation. After this procedure, the solid was reused in sequential transesterification reactions.
Instrumentation
Fourier transform infrared spectroscopy (FTIR) spectra were measured on a PerkinElmer Spectrum 100 Spectrometer after 16 scans. Spectra were stored in the range of 4000-400 cm -1 and the samples were analyzed using the technique of KBr pastilles (1:100 mg). Thermogravimetric analyses (TG) were conducted in a simultaneous thermobalance TG-DTG, Shimadzu ® DTG-60. The temperature range used for each analysis was 30-1000 °C under a nitrogen flow of 50 mL min -1 using a platinum pan. Powder X-ray diffraction (XRD) patterns were carried out in a Shimadzu LabX XRD-6000 model equipped with a Rigaku rotating anode (ROTAFLEX) diffractometer operating at 30 kV and 15 mA with a monochromatic Cu Kα radiation (λ = 1.54 Å) and a graphite monochromator. Samples were scanned from 10 to 90 degrees (2θ) at 0.05 degree intervals at a rate of 1.5 degree min -1 . The diffractograms were analyzed and compared with JCPDS-ICDD cards (Joint Committee on Powder Diffraction Standards-International Center for Diffraction Data) available on the Crystallographic Search Match software (plug: 014 191). The textural characteristics, such as Brunauer-Emmett-Teller (BET) specific area, pore volume and average pore diameter (Barrett-Joyner-Halenda, BJH) were determined by N 2 adsorption-desorption at 77 K in an ASAP2010 apparatus (Micromeritics, Norcross, GA, USA). Shimadzu microscope, SSX-550 Superscan model, was used to determine the average size, particle morphology and composition of the catalysts. The samples were fractured in liquid nitrogen to prevent their plastic deformation then placed in a carbon tape and coated with a thin layer of gold (sputtering, ion coater IC-50, Shimadzu, using a current of 4 mA).
The alkalinity of the catalysts was determined by volumetric analyses using a standard solution of potassium biphthalate acid (0.1 mol L -1 ) and phenolphthalein as indicator. The alkalinity of the catalyst was calculated dividing the number of moles of biphthalate consumed by the mass of the catalyst used. The density of alkali active sites were determined from the alkalinity values and areas of the catalysts, in accordance to equation 1.
(1)
The content of fatty acid methyl esters (FAMEs) was determined from GC-FID analyses wherein the samples were prepared by adding exactly 50 mg of the BIOCRAL (0.2 mL of methyl heptadecanoate solution in heptane, 5.08 mg mL -1 ) as the internal standard. The equipment used to analyze the FAMEs was a QP 2010 GC-FID Shimadzu, equipped with a capillary column (DB-5HT, 0.32 mm, 30 m, 0.1 µm film thickness). Samples were injected at 70 ºC and maintained in this temperature for one minute. In a typical run, the column temperature was ramped up from the initial 70 to 190 ºC at a rate of 15 ºC min -1 , to 260 ºC at 7 ºC min -1 and to 380 ºC at 20 ºC min -1 and kept at the final temperature for 10 minutes. The carrier gas used was nitrogen. The temperature of the injector and detector were both set at 380 ºC. The sample injection volume was 1 µL and the reagent and product identifications were attributed to the characteristic GC-FID retention times of the sample and the standard compounds. 
Results and Discussion
This study deals with the preparation and characterization of a new oxide mixture of strontium and nickel to produce biodiesel. We obtained a new compound with different characteristics from those described in literature. 15, 23, 24 To the best of our knowledge, many mixtures of strontium oxides were reported, however any mixture with strontium and nickel oxides were studied on transesterification reactions of vegetable oils. Figure 2 shows the TG data of the mixture of strontium/ nickel carbonate before calcination. The figure displays three main weight loss regions. The first weight loss (10%) in the 50-150 ºC region may be due to dehydration and decomposition of volatile compounds. The second one presents a loss of 13% between 170-500 ºC, related to decomposition of carbonate, and the third weight loss (18%) resulted from the oxide formation and occurs in the 760-900 ºC region. Figure 3 shows 32 corresponding to tetragonal structure of SrO. The other peaks observed on the diffractogram are related to the precursors and undesired materials as hydroxides and carbonates. Initially, the catalysts' diffractograms show the presence of NiO, however increasing the calcination time and temperature, the peaks intensity are enhanced. Furthermore, when the temperature is increased, the peaks corresponding to NiO structure are intensified.
Catalysts characterization
The most important factor is the temperature eventually, as W5 and W6 catalysts do not show a significant intensity increase of NiO when compared with the catalyst W4. The presence of SrO is enhanced in the catalyst W2. The temperature and time have an influence also in this case, however the peaks are not as intense as to NiO ones, due to this crystalline compound formation. 34 show the presence of strontium hydroxide in the catalysts. L'vov 35 reported a similar result and attributed this peak to carbonate decomposition, a parallel reaction between water and carbonate that produces hydroxides and CO 2 . For the catalysts synthesized, hydroxide has no major effect because of its low intensity, although some water content may be observed.
The FTIR results of the catalysts showed that increasing calcination temperature and time, there was a significant intensity decrease of bands 1480 and 900 cm -1 ; these bands are attributed to the stretching of carbon and oxygen bonds of CO 3 2− ions present in SrCO 3 . The stretching bands in the region 3600-3000 cm -1 are assigned to the OH group of Sr(OH) 2 . These results are corroborated by data from XDR analysis. 7 The FTIR shows bands in 600 and 460 cm -1 which may be attributed to the stretching of Sr−O and Ni−O bonds, respectively, indicating the formation of strontium oxide and nickel oxide.
36-38
The results of the specific surface area (ASS BET ), average pore diameter and average pore volume for the catalysts synthesized are listed in Table 3 . Correlating the results of specific surface area, with those described by Carvalho et al. 15 40 mesoporous materials have pore diameters between 20 and 500 Å, so the synthesized catalysts have mesoporous structure. Table 3 shows that W1 and W4 catalysts have the higher density alkaline sites among the catalysts; however, these values may be related to the presence of strontium carbonate as shown in XRD. The other samples synthesized also exhibit an alkali profile, which is a good result as well, because, as Abbaszaadeh et al. 41 reported, solid alkaline catalysts may exhibit better catalytic activity compared with other catalysts, due to its activation close to the boiling point temperature of methanol, improving the biodiesel production and reducing its commercial value. Figure 4 shows SEM images of the catalysts in which the presence of particle-shaped agglomerates of irregular rods with different sizes can be observed. This clustering promotes a decreasing in the surface area, as the results showed in ASS BET . The micrographs have different particle sizes, as shown in Figure 5 ; the catalyst W1 showed the larger size (1.47 ± 0.2 µm), which may be associated to the presence of residual carbonate. Observing the particle size of the catalyst calcined W5 (1.05 ± 0.09 µm) and its size distribution, it is possible to realize that the particles' size is more homogeneous than the orders catalysts, however the particles of W6 catalyst suffered some degree of agglomeration and increase in size (1.23 ± 0.09 µm), probably related to overheating.
Catalytic tests
The six compounds (W1, W2, W3, W4, W5, and W6) were tested in transesterification reactions using macaw palm oil and methanol. The yields obtained are plotted in Figure 6 . The catalysts synthesized at 1000 ºC for two and three hours (W1 and W2) did not show enough activity. The catalyst W3 showed a yield of 41%, which is a reasonable result; however compared to the catalysts synthesized at 1100 ºC, it is not good enough. The catalysts W4, W5 and W6, showed conversion above 78%. Correlating the results with the XRD patterns shown in Figure 3 , it is evident that the active phase for the transesterification reaction is related to NiO and SrO, and the carbonate is inactive to this reaction as the oxides which have higher levels of carbonate failed in the catalysis tests.
Optimization of reaction parameters
After the catalytic tests, it was observed that the catalyst which presented a better performance with a lower synthesis cost was the one calcined at 1100 °C for 3 hours (W5). According to Ramadhas et al. 42 and Koh and Ghazi 43 the transesterification process and conversion into to ester may be affected for the oil/alcohol molar ratio, time, concentration of catalyst into the medium, temperature, etc. Thus, reaction optimization parameters for the transesterification reaction of macaw palm oil with methyl alcohol were made using the catalyst W5. The catalyst concentration was examined by fixing the oil/alcohol molar ratio in 1:9, the reaction time in 4 hours, and the temperature in 65 °C. Figure 7 shows the relationship between the catalyst concentration used and the conversions. The results showed that the conversion increased when the catalyst concentration increased, reaching 86.3% of conversion, the highest one, using a catalyst concentration of 2.0% m/m to the amount of oil used in the reaction. Catalyst concentrations higher than 2.0% decrease the conversion of biodiesel, probably due to the poor diffusion of alcohol, catalyst and oil.
The effect of the oil/alcohol molar ratio in the transesterification reaction was investigated by setting the concentration of catalyst W5 in 2.0%, temperature in 65 °C and reaction time in 4 hours. Figure 8 shows the relationship between the oil/alcohol molar ratios and the yield of biodiesel.
The stoichiometric oil/alcohol molar ratio required to complete the transesterification reaction is 3, but it is not sufficient to complete the reaction due to the reversibility of the reaction, thus a higher molar ratio is required to drive the completion of the reaction. 44 Therefore, the oil/ethanol molar ratio of 1:3 showed low conversion into biodiesel; however, the molar ratio of 1:9 was the best one. In this case, the conversion reached 86.2% and, according to Figure 8 , above this molar ratio there is a gradual decrease in the 
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Vol. 28, No. 2, 2017 conversion of the triglycerides. The reaction time factor was also investigated by setting the concentration of catalyst W5 in 2.0% m/m according to the oil, oil/alcohol molar ratio 1:9 and temperature of 65 °C. Figure 9 shows the relationship between the reaction time and the yield of biodiesel.
The results showed that the best reaction time is 5 hours, reaching a conversion of 97%. A longer reaction time decreases the yield for the reaction, as seen in reaction time of 6 hours. The conversion decreases because of the hydrolysis of esters (transesterification reverse reaction) and the formation of soap from residuals fatty acids. 45 These results are quite interesting when compared with catalysts synthesized with NiO. This compound does not present catalytic activity for the reaction, unless it is supported in some oxide materials. When supported on SBA-15 or Al 2 O 3 , the yields were 40 and 89%, respectively. The catalyst W5 presents high activities in one synthesis one-pot. 46 ,47
Homogeneous contribution
The homogeneity test of the W5 catalyst showed the predominant heterogeneity of the system because, after removal of the catalyst of the medium, the reaction hardly occurs. It means that the conversion rates obtained for the reaction product after removing the catalyst was approximately 2.0%, similar to the observed when the reaction is carried out only with alcohol and oil, without addition of catalyst. Thus, it may be suggested that 98.0% of the catalytic activity observed in the reactions monitored in this study is attributed to the heterogeneous character of the catalyst.
Reusability of catalyst
Recycling is an important feature for the production of a heterogeneous catalyst to be commercially viable. Studies of reuses were made using the best parameters found in the transesterification reaction (catalyst concentration of 2.0%, oil/alcohol molar ratio 1:9, temperature and reaction time equal to 65 °C and 5 hours, respectively) and the results are shown in Figure 10 . Analyzing the results, it is possible to observe that the biodiesel conversion gradually decreases until the 3 rd reaction, however keep conversions higher than 84%. The 4 th and 5 th catalytic cycle are still quite satisfactory, presenting conversions higher than 67.0%.
In order to study the gradually decreasing activity of the W5 catalyst on recycling reactions, XRD analyses were performed with the fresh (as prepared-W5.1) catalyst and after the second (W5.3) and the fourth (W5.5) reactions (Figure 11) . The catalyst W5.1 shows diffraction peaks related to NiO and SrO, indicating that the first application of the catalyst exhibits catalytic contribution of both oxides. The XRD pattern of the sample W5.3 presents a decreasing in the intensity of the characteristic peak of SrO when compared to the diffractogram of the sample W5.1. The decrease is more evident in the sample W5.5, which has practically no SrO characteristic peaks. It is also observed an intensity increase of the characteristic peaks of NiO due to the presence of higher nickel oxide crystals that are formed by smaller nickel particles that agglomerates after several heating treatments. Thus, we suggest that the loss of catalytic activity in the recycling process is associated with the reducing amount of SrO in the catalyst, which probably leached during the recycling reactions, and also by the agglomeration of the nickel crystals, thereby decreasing the number of active sites.
Conclusions
Analyzes performed in this study showed that the synthesized catalysts are a mixture of strontium and nickel oxide; we also realized that the increase in calcination temperature and time leads to the formation of oxides and decomposition of undesired materials. The catalysts have different sizes and surface areas, and these characteristics are responsible for the different reaction yields. The catalytic tests present good yields for the catalysts calcined at 1100 °C. The one that showed the best results in terms of ester conversion was the catalyst calcined at 1100 °C for 3 hours. The transesterification reaction with the catalyst calcined at 1100 °C for 3 h was optimized and biodiesel obtained showed yield of 97% under the conditions of catalyst concentration of 2.0%, oil/alcohol molar ratio of 1:9, temperature of 65 ºC and reaction time of 5 hours. The study of homogeneity of the catalyst showed that it is predominantly heterogeneous. The recycling tests showed that the yield decreases, however the activities obtained are still very high even in 5 th reaction, reaching 67% of conversion.
